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HIGHLIGHTS 


•  Re-synthesis  of  Li-rich  cathode  material  Li1.2Coo.13Nio.13Mno.54O2  from  spent  LIBs. 

•  Leaching  solution  from  spent  LIBs  is  successfully  used  as  a  source  of  Co  and  Li. 

•  The  re-synthesized  material  delivers  a  high  initial  discharge  capacity  of  258.8  mAh  g  l 

•  The  high  capacity  retention  of  87%  can  be  obtained  after  50  cycles. 

•  This  technology  can  reduce  the  cost  and  realize  cyclic  utilization  of  spent  LIBs. 
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Li-rich  layered  oxide  Li1.2Coo.13Nio.13Mno.54O2  has  been  successfully  re-synthesized  using  the  ascorbic  acid 
leaching  solution  of  spent  lithium-ion  batteries  as  the  raw  materials.  A  combination  of  oxalic  acid  co¬ 
precipitation,  hydrothermal  and  calcination  processes  was  applied  to  synthesize  this  material.  For 
comparison,  a  fresh  sample  with  the  same  composition  has  been  also  synthesized  from  the  commercial 
raw  materials  using  the  same  method.  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  X- 
ray  photoelectron  spectroscopy  (XPS)  and  electrochemical  measurements  are  carried  out  to  characterize 
these  samples.  XRD  results  indicate  that  both  samples  have  the  layered  a-NaFe02  structures  with  a  space 
group  of  R3m.  No  other  crystalline  phase  was  detected  by  XRD.  The  electrochemical  results  show  that  the 
re-synthesized  and  fresh-synthesized  sample  can  deliver  discharge  capacities  as  high  as  258.8  and 
264.2  mAh  g-1  at  the  first  cycle,  respectively.  After  50  cycles,  discharge  capacities  of  225.1  and  228  mAh  g 
-1  can  be  obtained  with  capacity  retention  of  87.0  and  86.3%,  respectively.  This  study  suggests  that  the 
leaching  solution  from  spent  lithium  ion  batteries  can  be  recycled  to  synthesize  Li-rich  cathode  materials 
with  good  electrochemical  performance. 

Crown  Copyright  ©  2013  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  their  favorable  characteristics  including  high  energy 
density,  long  cycle  life  and  low  self-discharge,  lithium-ion  batteries 
(LIBs)  are  widely  used  in  portable  electronic  devices  and  electric 
automobiles  [1,2].  The  worldwide  LIBs  production  had  reached 
almost  4.6  billion  in  2010  and  is  estimated  to  be  7.0  billion  in  2015 
[3,4].  Consequently,  the  end-of-life  spent  LIBs  as  well  as  waste 
battery  materials  generated  during  manufacturing  process  have 
increased  tremendously,  which  is  becoming  an  environmental 
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concern.  Moreover,  cobalt  and  lithium  contained  in  the  spent  LIBs 
are  important  strategic  metals  which  are  extensively  used  in 
various  fields  [5].  The  recycling  of  spent  LIBs  has,  therefore,  strong 
potential  to  provide  environmental  benefits  in  addition  to 
conserving  raw  materials  [6-8]. 

Layered  LiCo02  is  the  most  widely  used  cathode  material  in 
commercial  LIBs,  and  the  treatment  and  recycling  of  spent  LIBs 
usually  consist  of  two  main  steps:  (1)  acid  leaching  process  to 
convert  LiCo02  powder  into  solution;  (2)  using  the  leaching  solu¬ 
tion  to  produce  new  chemical  products.  In  our  previous  work,  we 
have  developed  an  environmental  friendly  leaching  process  using 
organic  acids  to  avoid  secondary  pollution  with  the  similar  effi¬ 
ciency  as  those  using  strong  inorganic  acids  [9-11  ].  After  leaching, 
the  elements,  mainly  Co  and  Li,  contained  in  the  solution  are  usu¬ 
ally  recovered  to  new  chemicals  such  as  cobalt  oxalate,  lithium 
oxalate,  cobalt  hydroxide  or  cobalt  oxide  [5,12-14].  Other 
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Fig.  1.  Compositional  phase  diagram  of  the  layered  lithium  transition  metal  oxide 
tetrahedron  system:  LiCo02-LiNi02-LiMn02-Li2Mn03. 


synthesize  Li-rich  manganese-based  layered  oxide  Li1.2Coo.13- 
Nio.13Mno.54O2  from  the  organic  acid  leaching  solution  of  spent 
LIBs.  For  comparison,  a  fresh  sample  with  the  same  composition 
has  been  also  synthesized  from  the  commercial  raw  materials 
using  the  same  method.  The  structure,  morphology,  and  electro¬ 
chemical  performances  of  both  samples  were  investigated 
systematically. 

2.  Experimental 

2  A.  Materials  and  reagents 

The  leaching  solution  was  obtained  from  spent  LIBs  using 
ascorbic  acid  as  leaching  agent.  The  details  of  pretreatment  and 
acid  leaching  process  were  described  in  our  previous  work  [11  ].  All 
reagents  used  in  this  study  were  analytical  grade,  and  all  the  so¬ 
lutions  were  prepared  with  distilled  water. 


chemicals,  for  instance,  microcrystalline  lithium  cobalt  ferrite, 
nanocrystalline  cobalt  ferrite  or  y-LiAlCb,  can  also  be  synthesized 
from  the  leaching  solution  [15—17].  Recovery  of  new  active  material 
LiCo02  or  other  electrode  materials  from  the  leaching  solution  are 
also  under  investigation,  which  is  considered  as  a  better  way  to 
achieve  a  sustainable  LIB  industry  [18-21]. 

In  order  to  replace  the  traditional  LiCo02,  recent  research  effort 
of  LIBs  has  been  focused  on  the  search  of  new  cathode  materials 
that  have  higher  energy  and  power  density,  higher  safety  and  lower 
cost.  Li-rich  manganese-based  layered  oxides,  which  are  commonly 
described  by  the  chemical  formula  of  zLi2Mn03-(l  -  z)LiMe02 
(Me  =  Co,  Ni,  Mn,  etc.)  or  reformulated  as  Li[Lix/3Mei_xMn2*/ 
3](0  <  x  <  1 ),  have  attracted  significant  attention  because  of  their 
much  higher  capacity  (>250  mAh  g-1)  with  wider  operating 
voltage  windows  (>3.5  V  vs.  Li/Li+)  [22-26].  Among  the  various 
transition  metal  ratios,  the  composite  Li1.2Coo.13Nio.13Mno.54O2, 
with  proportion  of  0.5Li2Mn03  -0.5LiCoi/3Nii/3Mni/302  (labeled  in 
Fig.  1 )  have  been  well  studied  by  many  researchers  and  proved  to  be 
an  optimized  composition  with  excellent  electrochemical  proper¬ 
ties  [26-30]. 

In  this  work,  a  combination  of  oxalic  acid  co-precipitation, 
hydrothermal  and  calcination  processes  was  applied  to  re- 


2.2.  Synthesis  processes 

Li1.2Coo.13Nio.13Mno.54O2  powder  was  re-synthesized  through 
oxalic  acid  co-precipitation,  hydrothermal  and  calcination  pro¬ 
cesses,  as  illustrated  in  Fig.  2.  Firstly,  a  desirable  amount  of  leaching 
solution  containing  Co  and  Li  was  prepared  after  acid  leaching 
process.  Then,  the  stoichiometric  amount  of  CH3C00Li-2H20, 
Ni(CFl3C00)2  -4Fl20  and  Mn(CH3C00)2-4Fl20  were  dissolved  in  the 
leaching  solution  together,  and  the  resulting  solution  is  continu¬ 
ously  stirred  at  room  temperature  for  0.5  h.  Oxalic  acid  was  added 
drop  by  drop  into  the  mixed  aqueous  solution  under  stirring  as  a 
precipitating  agent,  which  was  then  transferred  into  a  sealed  PTFE 
(Polytetrafluoroethylene)  container  followed  by  heating  at  200  °C 
for  8  h.  After  the  hydrothermal  reaction,  the  mixture  was  stirred 
vigorously  until  dry  at  80  °C.  Finally,  the  dried  powder  was  pre¬ 
heated  in  air  at  450  °C  for  5  h  and  then  calcined  in  air  at  900  °C  for 
12  h.  The  final  product  was  obtained  after  uniform  grinding.  For 
comparison,  the  stoichiometric  amounts  of  CF^COOLi  •  2FI2O, 
Co(CH3COO)2  •  4H20,  Ni(CH3COO)2  •  4H20  and  Mn(CH3C00)2-4H20 
were  used  as  starting  materials  to  synthesize  Lii.2Co0.i3- 
Nio.13Mno.54O2  by  the  same  method,  and  it  was  designated  as  fresh- 
synthesized  sample  hereafter. 
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Fig.  2.  Flow  chart  of  Li1.2Coo.13Nio.13Mno.54O2  re-synthesis  process. 
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2.3.  Material  characterizations 

The  amount  of  Co  and  Li  in  the  leaching  solution  was  analyzed 
by  AAS  (Atomic  Absorption  Spectroscopy).  Thermogravimetric  and 
differential  thermal  (TG/DTA)  analyzer  was  used  to  determine  the 
appropriate  calcination  temperature  for  the  precursor  before 
calcination.  The  sample  was  heated  from  room  temperature  to 
1000  °C  with  a  heating  rate  of  10  °C  min-1  in  air  atmosphere. 

The  samples  were  characterized  by  X-ray  diffraction  (XRD, 
Rigaku  Ultima  IV-185)  with  a  Cu-Ka  radiation  source.  Data  were 
collected  in  the  range  of  10-90°  at  a  scan  rate  of  8°  min-1.  The 
morphological  and  the  elemental  distribution  of  the  samples  were 
determined  using  FEI  Quanata  200f  scanning  electron  microscope 
(SEM)  and  Energy  Dispersive  X-ray  (EDX)  analysis.  XPS  measure¬ 
ment  was  conducted  on  a  PHI  QUANTERA-II  SXM  system  (Japan/ 
Uivac-PHI,  INC),  using  a  monochromatised  Mg-Ka  radiation  source. 

Electrochemical  performances  of  the  samples  were  measured 
using  galvanostatic  cycling  with  two-electrode  coin  cells  (type 
CR2025).  The  electrode  was  fabricated  by  coating  the  slurry  of  a 
mixture  containing  synthesized  sample,  acetylene  black  and  poly- 
vinylidene  difluoride  (PVDF)  with  a  weight  ratio  of  8:1:1  onto  cir¬ 
cular  aluminum  current  collector  foils.  Cells  were  assembled  in  an 
Argon-filled  glove  box,  using  the  metallic  lithium  foil  as  counter 
electrode.  The  electrolyte  was  1  M  LiPF6  dissolved  in  ethyl  car¬ 
bonate  (EC)  and  dimethyl  carbonate  (DMC)  (1:1  in  volume)  and  the 
separator  was  Cellgard  2400  membrane.  Charge  and  discharge 
experiments  were  performed  on  Land  battery  testers  (Land 
CT2001  A,  Wuhan,  China)  with  constant  current  condition  between 
2.0  and  4.8  V.  The  assembled  cells  were  tested  for  50  cycles  at  the 
current  densities  of  0.1  C  (20  mA  g-1)  to  analyze  cycling  perfor¬ 
mance.  Various  C  rates  (0.1,  0.2,  0.5, 1.0,  and  2.0  C)  were  also  tested 
to  investigate  the  rate  capability  of  the  samples.  Cycling  at  different 
temperatures  (-20,  0,  30  and  60  °C)  were  tested  to  analyze  the 
materials  performance  at  high  and  low  temperature.  Cyclic  vol- 
tammogram  of  the  assembled  cell  was  performed  on  the  CHI 
electrochemical  workstation  (CHI660,  Shanghai,  China)  at  room 
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Fig.  4.  XRD  patterns  of  the  synthesized  samples:  (a)  the  re-synthesized  sample;  (b)  the 
fresh-synthesized  sample. 


temperature  between  2  and  5  V  at  a  sweep  rate  of  0.1  mV  s  1.  The 
potentials  throughout  the  paper  are  in  reference  to  Li/Li+  couple. 

3.  Results  and  discussion 

3 A.  TG/DTA  analysis 

TG/DTA  scans  of  the  precursor  are  shown  in  Fig.  3.  Five  distinct 
regions  of  weight  loss  were  observed  and  the  results  are  given  in 
Table  1.  A  weight  loss  of  3.5  wt.  %  was  detected  from  room  tem¬ 
perature  to  159  °C,  resulting  from  the  loss  of  absorbed  water.  The 
weight  loss  (8.6  wt.  %)  in  the  temperature  range  of  159  °C-247  °C 
was  ascribed  to  the  loss  of  the  structural  water  in  the  sample.  In  the 
temperature  region  from  247  °C  to  378  °C,  there  is  a  distinct  weight 
loss  of  41.96  wt.  %,  which  corresponds  to  the  decomposition  of 
oxalates  [5,31  ].  A  weight  loss  of  about  7.7%  is  observed  in  the  range 
of  378  °C— 480  °C  due  to  the  decomposition  of  acetates  [32,33]. 
Finally,  in  the  high  temperature  range  from  480  °C  to  1000  °C,  a 
weight  loss  of  0.57  wt.  %  indicates  the  formation  of  Lii.2Coo.i3- 
Nio.13Mno.54O2  and  the  improvement  of  its  crystallinity. 

3.2.  XRD,  SEM  and  EDX  characterizations 

The  XRD  patterns  (Fig.  4)  of  the  re-synthesized  and  fresh- 
synthesized  Li1.2Coo.13Nio.13Mno.54O2  materials  show  that  both 
samples  have  the  layered  structure  without  any  impurity  re¬ 
flections.  All  the  peaks  can  be  indexed  to  a  hexagonal  a-NaFe02 
structure  with  a  space  group  of  R3m,  excluding  the  weak  super¬ 
structure  reflections  around  20-25°  that  correspond  to  the 
ordering  of  Li  and  Mn  in  the  transition  metal  layer  of  the  layered 
lattice  [27].  The  weak  superstructure  reflections  are  characteristic 
of  the  integrated  monoclinic  Li2Mn03-like  component  (C/2m)  [26]. 

SEM  images  of  the  re-synthesized  and  fresh-synthesized  sam¬ 
ples  are  shown  in  Fig.  5.  No  obvious  differences  between  the  two 


Table  1 

TG  data  for  the  re-synthesized  precursor. 


30-159 °C 
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Weight  loss  wt% 
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8.6 
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41.96 

Oxalates  decomposition 

7.7 

Acetates  decomposition 
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Fig.  5.  SEM,  EDX  and  elements  distribution  of  the  synthesized  samples:  (a)  fresh-synthesized  sample,  (b)  re-synthesized  sample,  (c)  EDX,  (d)  Co  distribution,  (e)  Ni  distribution,  (f) 
Mn  distribution,  (g)  0  distribution. 


samples  are  observed  from  SEM  observation.  Both  samples  show 
smooth  surface  with  well-distributed  particles  with  the  particle 
being  smaller  than  1  pm.  In  addition,  the  composition,  proportion 
and  element  distributions  of  the  re-synthesized  sample  are  inves¬ 
tigated  by  EDX.  The  result  shows  that  the  re-synthesized  sample 
consists  of  expected  elements  and  the  content  of  the  different  el¬ 
ements  are  well  consistent  with  the  stoichiometric  ratio,  as  dis¬ 
played  in  Table  2. 

3.3.  X-ray  photoelectron  spectra 

The  XPS  spectra  of  the  re-synthesized  Li1.2Coo.13Nio.13Mno.54O2 
sample  are  shown  in  Fig.  6(a)— (d).  As  can  be  seen  from  Fig.  6(b),  the 
Ni  2p  spectrum  exhibits  four  peaks.  Two  relatively  intense  signals 
at  855.6  and  873.3  eV  are  assigned  to  Ni  2p3/2  and  Ni  2pi/2.  The  Ni 
2p3/2  binding  energy  of  855.6  eV  is  in  agreement  with  Ni2+  in  the 
literature  [34].  The  Co  2p  spectrum  is  shown  in  Fig.  6(c).  The 
binding  energy  for  the  Co  2pi/2  and  Co  2p3/2  are  at  795.1  and 
780.4  eV,  respectively,  suggesting  an  oxidation  state  of  Co3+  [35]. 
Fig.  6(d)  shows  the  Mn  2p  spectra,  and  two  major  peaks  with 
binding  energies  of  642  and  654  eV  were  observed,  which  are  in 
good  accordance  with  data  for  Mn4+  [36]. 

3.4.  Electrochemical  performance 

Fig.  7  shows  the  cycle  properties  and  capacity  retentions  of  the 
re-synthesized  and  fresh-synthesized  Lii.2Coo.i3Nio.i3Mn0.5402 
samples  between  2.0  and  4.8  V  at  0.1  C.  For  the  re-synthesized 
sample,  a  relatively  fast  capacity  decay  from  258.8  mAh  g-1  to 
226.3  mAh  g_1  is  observed  in  the  initial  10  cycles.  After  that  the 
discharge  capacity  maintains  at  225.1  mAh  g-1  until  the  50th  cycle, 
showing  a  high  capacity  retention  of  87%  after  50  cycles.  In  com¬ 
parison,  the  fresh-synthesized  sample  delivers  discharge  capacities 
of  264.2  mAh  g-1  at  1st  cycle  and  228  mAh  g-1  at  50th  cycle  with 
capacity  retention  of  86.3%.  It  can  be  seen  that  there  is  no  visible 
difference  between  both  samples  in  the  capacity  and  cycle 
performances. 

Charge/discharge  profiles  of  1st,  2nd,  5th,  10th,  20th  and  50th 
cycle  for  the  re-synthesized  Lii.2Coo.i3Nio.i3Mn0.5402  sample  are 
shown  in  Fig.  8.  The  first  charge  curve  shows  two  plateaus  due  to 


the  existence  of  two  different  lithium  extraction  processes  [37]. 
The  first  plateau,  which  is  positioned  at  ~4.0  V,  is  associated  to 
the  delithiation  of  the  LiMni/3Nii/3Coi/302-like  region  that  corre¬ 
sponds  to  the  oxidation  of  Ni2+  -►  Ni4+  and  Co3+  ->  Co4+  [23].  The 
second  plateau  at  ~4.5  V  is  widely  accepted  to  originate  from  the 
simultaneous  oxygen  release  with  lithium  deintercalation  from 
the  layered  Li2Mn03  lattice  [37],  which  might  be  transformed  to  a 
Mn02-like  phase.  The  capacity  delivered  during  the  first  discharge 
resulted  from  the  insertion  of  lithium  in  both  the  LiMni/3Nii/3Coi/ 
302-like  region  and  the  Mn02-like  region.  The  sample  can  achieve 
a  charge  capacity  of  345.8  mAh  g-1  and  a  discharge  capacity  of 
258.8  mAh  g_1  at  the  first  cycle,  implying  the  first  Coulombic  ef¬ 
ficiency  of  75%.  After  the  first  cycle,  there  is  a  remarkable  change 
in  the  charge  curve  shapes  of  next  cycles.  The  second  plateau 
around  4.5  V  disappears  and  Coulombic  efficiency  stabilizes  at 
99%. 

In  order  to  study  the  rate  capability  of  the  re-synthesized 
Lii.2Coo.i3Nio.i3Mn0.5402  sample,  the  cells  were  discharged  at 
various  rates  from  0.2  C  to  5.0  C,  respectively,  and  the  results  are 
shown  in  Fig.  9  and  Table  3.  As  the  applied  current  density  in¬ 
creases,  the  discharge  capacity  of  the  sample  decreases  gradually 
due  to  the  increasing  polarization  of  the  electrodes  at  higher  cur¬ 
rent  densities.  The  first  discharge  curves  are  presented  in  the  in¬ 
ternal  of  Fig.  9.  The  detailed  data  in  Table  3  show  that  the  initial 
discharge  capacities  of  the  re-synthesized  sample  can  reach  to 
249  mAh  g”1  for  0.2  C,  237.8  mAh  g”1  for  0.5  C,  223.3  mAh  g_1  for 
1  C,  218.1  mAh  g  1  for  2  C  and  179.7  mAh  g  _1  for  5  C.  After  50  cycles, 
the  discharge  capacities  at  various  rates  drop  to  193.9  mAh  g-1  for 
0.2  C,  183.4  mAh  g_1  for  0.5  C,  168.2  mAh  g_1  for  1  C,  152.3  mAh  g'1 
for  2  C  and  126.2  mAh  g”1  for  5  C. 


Table  2 

Molar  ratio  data  of  prepared  Li[Lio.2Coo.i3Nio.i3Mno.54]02  measured  by  EDX. 


Element 

Molar  ratio 

Re-synthesized 

sample 

Fresh-synthesized 

sample 

Theoretical 
value  (%) 

Co  K 

13.05 

12.93 

13 

Ni  K 

13.15 

13.24 

13 

Mn  K 

53.8 

53.83 

54 

32 
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Fig.  6.  X-ray  photoeiectron  spectra  of  the  re-synthesized  sample:  (a)  Li— Co-Ni-Mn-O,  (b)  Co,  (c)  Ni,  (d)  Mn. 


Another  rate  test  was  carried  out  to  measure  the  rate  capability 
of  the  re-synthesized  and  fresh-synthesized  samples  and  the  result 
is  presented  in  Fig.  10.  The  average  discharge  capacities  at  0.1  C, 
0.2  C,  0.5  C,  1  C,  2  C  of  the  re-synthesized  sample  are  256.6,  235.6, 
206.4, 183.4  and  158.2  mAh  g~\  About  87.7%  (227  mAh  g’1)  of  the 
discharge  capacity  can  be  recovered  once  the  rate  is  back  to  0.1  C. 
Meanwhile,  the  fresh-synthesized  sample  shows  the  same  trend  as 
the  re-synthesized  sample,  which  delivers  a  little  higher  capacity  at 
all  rates. 

In  order  to  investigate  the  re-synthesized  material  performance 
at  high  and  low  temperature,  the  cells  were  discharged  at  -20  °C, 
0  °C,  30  °C  and  60  °C  and  the  results  are  shown  in  Fig.  11  and 
Table  3.  The  discharge  capacities  are  139.1  mAh  g-1  at  -20  °C, 
210.5  mAh  g”1  at  0  °C,  260  mAh  g-1  at  30  °C  and  271.3  mAh  g-1  at 


60  °C,  respectively.  It  is  clearly  seen  that  the  discharge  capacity  of 
the  sample  increases  with  the  increasing  temperature.  Meanwhile, 
the  discharge  voltage  presents  gradually  elevated  trend  with  the 
growth  of  temperature  below  30  °C.  Flowever,  there  is  a  slightly 
decrease  of  the  discharge  voltage  from  30  °C  to  60  °C,  which  maybe 
due  to  the  higher  overpotential  at  high  temperature. 

3.5.  Cyclic  voltammogram 

Fig.  12  shows  the  CV  curves  of  the  re-synthesized  sample  at  a 
slow  sweep  rate  of  0.1  mV  s”1  in  the  voltage  range  of  2-5  V.  There 
are  two  oxidation  peaks  at  -4.0  and  -4.6  V  in  the  first  charge 


Fig.  7.  Cycling  performance  and  capacity  retention  comparison  of  the  re-synthesized  Fig.  8.  Charge/discharge  profiles  of  1st,  2nd,  5th,  10th,  20th  and  50th  cycles  of  the  re¬ 
sample  and  fresh-synthesized  sample  at  0.1  C  in  the  voltage  range  of  2-4.8  V.  synthesized  sample  at  0.1  C  in  the  voltage  range  of  2-4.8  V. 
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Fig.  9.  Cycling  performance  of  the  re-synthesized  sample  Li/Li^Coo^NicmMno^Ch  FiS*  10*  Rate  capability  comparison  of  the  re-synthesized  sample  and  the  fresh- 

cells  charged  at  0.1  C  and  discharged  at  different  rates  in  the  voltage  range  of  2-4.8  V.  synthesized  sample  in  the  voltage  range  of  2-4.8  V. 


Table  3 

Charge  and  discharge  capacity,  and  capacity  retention  of  the  re-synthesized  sample. 

Temperature/°C  Discharge  Rate  1st  discharge  50th  discharge  Capacity 

capacity/  capacity/  capacity/  retention 

mAh  g-1  mAh  g-1  mAh  g-1 


-20 

139.1 

0.1  C 

258.8 

225.1 

87.0% 

0 

210.5 

0.2C 

249 

193.9 

77.9% 

30 

260 

0.5  C 

237.8 

183.4 

77.1% 

60 

271.3 

1.0  C 

223.3 

168.2 

75.3% 

2.0C 

218.1 

152.3 

69.8% 

5.0C 

179.7 

126.2 

70.2% 

process,  corresponding  to  the  oxidation  of  the  M  components 
(M  =  Ni2+,  Co3+),  and  the  release  of  oxygen,  respectively.  In  the 
first  discharge  process,  there  are  three  distinguishable  reduction 
peaks  at  ~4.3,  ~3.7  and  ~3.3  V.  The  unconspicuous  reduction 
peak  at  ~4.3  and  the  distinct  reduction  peak  -3.7  V  are  appar¬ 
ently  attributed  to  the  reduction  of  Ni4+  and  Co4+,  while  the  peak 
at  ~3.3  V  can  be  associated  to  the  reduction  of  Mn4+  triggered  by 
the  electrochemical  activation  of  Li2Mn03  in  first  charge  process. 
From  the  second  cycle,  the  CV  features  are  significantly  different 


Fig.  11.  First  discharge  profiles  of  the  re-synthesized  sample  at  -20,  0,  30  and  60  °C  at 
0.1  C  in  the  voltage  range  of  2-4.8  V. 


from  those  observed  in  the  first  cycle.  The  strongest  oxidation 
peak  at  ~4.6  V  disappears  and  a  weak  new  peak  emerges  at 
~4.5  V.  The  two  oxidation  peaks  at  ~3.9  V  and  ~4.5  V  should  be 
the  oxidation  of  Ni2+  and  Co3+,  respectively  [38].  The  reversible 
redox  of  Mn4+/Mn3+  can  still  be  observed  below  3.5  V  in  the  next 
scans.  In  addition,  the  oxidation  peak  of  Mn3+/Mn4+  appears  and 
becomes  stronger  on  cycling.  Meanwhile,  the  position  of  the 
Mn4+/Mn3+  peak  in  the  discharge  process  shifts  to  the  left  grad¬ 
ually  with  cycles,  which  is  associated  with  the  structure  trans¬ 
formation  from  layered  to  a  layered-spinel  intergrowth  structure 
[39].  The  high  overlap  extent  of  the  cycle  profiles  demonstrates 
the  good  reversibility  of  the  synthesized  sample. 

4.  Conclusion 

Li1.2Coo.13Nio.13Mno.54O2  was  successfully  re-synthesized 
through  oxalic  acid  co-precipitation,  hydrothermal  and  calcina¬ 
tion  processes,  using  the  acid  leaching  solution  from  spent  lithium- 
ion  batteries.  The  re-synthesized  sample  showed  the  oc-NaFe02 
structure  with  the  R3m  space  group  and  the  characteristic  peaks  of 
the  Li2Mn03  phase.  The  electrochemical  results  showed  that  the  re¬ 
synthesized  sample  achieved  a  charge  capacity  of  345.8  mAh  g_1 
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and  a  discharge  capacity  of  258.8  mAh  g'1  at  the  first  cycle  at  0.1  C, 
implying  a  Coulombic  efficiency  of  75%.  It  delivered  a  reversible 
discharge  capacity  as  high  as  225.1  mAh  g-1  and  the  capacity 
retention  can  be  up  to  87%  after  50  cycles.  The  cycle  performance 
and  rate  capability  of  the  re-synthesized  Li1.2Coo.13Nio.13Mno.54O2 
material  was  almost  as  good  as  that  of  fresh-synthesized  material. 
The  results  showed  that  the  leaching  solution  from  spent  LIBs  can 
be  used  as  a  source  of  Co  and  Li  elements  to  re-synthesize  Li-rich 
cathode  material.  The  technology  developed  in  this  study  was 
environmentally  friendly  and  could  reduce  the  cost  of  cathode 
materials,  realizing  the  cyclic  utilization  of  spent  LIBs  finally. 
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